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Abstract

In order to evaluate the overall stability of thedarground powerhouse at the future Baihetan
hydropower station in China, the shear strength weak intercalation soil in the host rock has
been investigated by carrying out in-situ direatashand laboratory shear tests. A comparative
study was performed based on the two testing edtilhas been observed that both tests show
elastic perfect-plastic behaviour. A significantdregeneity of the samples has been identified
under both laboratory and field conditions. The gl disturbance seems to be a factor less
important compared to the samples variability. $ize effect has been evidenced by the greater
friction angle obtained in the laboratory on snsalinples than that obtained in the field on larger
samples. The clay fraction has been found to bemgortant factor; its increase reduces the
friction angle and increases the cohesion. Wittamntsidering some particular data due to the
soil heterogeneity, a negligible effect of initidegree of saturation has been identified.
Comparison between the results from the field te#ts that from the laboratory tests in terms of
effects of the clay fraction and initial degreesaturation shows a good consistency, indicating a
relatively secondary effect of samples size andogesnvariability.

Keywords: Baihetan sitejinterlayer staggered zone; laboratory shear tessjtu shear test;
shear behaviour; comparative study.
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Introduction

At future Baihetan hydropower station in China,réhes a weak intercalation soil in the host
rocks (tuff and basalt) that represents a potetitigdat to the overall stability of underground
powerhouse due to its relatively poor mechanicalperties. The location of the planed
hydropower station is shown in Fig.1, on the dowaesh of Jinsha River. It is one of the largest
multipurpose water conservancy projects in Chinahk preliminary design by the East China
Investigation and Design Institute (ECIDI), the hygwer station is made up of three parts, i.e.
the underground powerhouse, the dam and the nandaicility. The underground powerhouse
covers both sides of the river in the downstrearaction, with the buried depths of 350 m on
the left bank and 550 m on the right bank. It ismposed of a main powerhouse cavern, a main
transformation cavern and a tailrace surge tanlgse@hdimensions are 439 x 32.2/29 x 90 m,
400 x 20.5 x 32 m and 311 x 28.5/26.5 x 88.42 speetively. The horizontal distances from
the powerhouse area to the toes of the mountaimesgectively 515 m on the left bank and
530 m on the right bank. Preliminary calculatiorowh that these distances are sufficient to
ensure the powerhouse stability under unloadingadad by river erosion and cutting (102 m on
the left bank and 62 m depth on the right bankje Blightly inclined interlayer staggered zones
(No.1, No.2, No.3, No.4 and No.5) with thicknessgiag from 50 to 300 mm (Fig.2, in testing
tunnel No.62) are found in the powerhouse regidng.3 shows the geological map of the
underground powerhouse site at an elevation ofrféZbove the see level where testing tunnel
No.62 is located. From the figure, it can be sd®t the No.4 and No.5 interlayer staggered
zones cross the testing tunnel at this elevatiare © their large scope at this site the No.1, No.4
and No.5 interlayer staggered zones outcroppeldeiupper part of the high walls or arch of the
powerhouse

Fig. 4 shows the grain size distribution curveshef interlayer material from the 5 zones. It can
be observed that the interlayer material is geheralarse-grained soils with larggodalues:
0.3 mm, 0.9 mm, 2.5 mm, 0.15 mm and 5 mm for zowelNNo.2, No.3, No.4 and No.5,
respectively. In the testing tunnels, the key ralevater action in the grain size of interlayer
material was observed: in the zones with smallngsize, water flow through fractures can be
seen whilst in the zones with large grain size ratewflow can be identified. In other words,
water flow enhances the formation of fine-grainedss the more intense the water flow the
clayeyer the interlayer material. This explains great difference of the physical properties
(water contentv, unit mass, specific gravityGs, void ratioe, degree of saturatio§, liquid
limit wy, plastic limitwp, etc.) between different interlayer materials (3able 1). The clay
minerals determined by X-ray diffractometry aréell montmorillonite, halloysite and kaolinite.

From a mechanical point of view, the shear strergttboth interlayer soils and soils/rock

interface is much lower than the host rocks, and essult, when excavating shear failure could
occur either in the soils or at the soil-rock ifdee. Thus the question of the stability of the
underground powerhouse is arisen and the sheargtréehaviour of the interlayer staggered
zone is needed to be investigated.

The shear behaviour of interlayer staggered zosebban studied by number of researchers by
developing testing methods, studying the sheangtineand elaborating constitutive models. Xu
(1980) considered the interlayer soil as a typrb@&ological material and observed from field
creep tests that the creep process was compodbadeefstages: decelerated creep, steady creep



92 and accelerated creep. Chen and Li (1980) obsehatdhe relaxation of interlayer soils is an
93 important mechanism. Li et al. (1983) carried omb tlaboratory tests on the interlayer soil,
94 including simple shear creep test and shear stedagation test, to investigate its long-term
95 shear strength behaviour. Dong et al. (1994) pewor field shear tests at controlled
96 displacement rate with monitoring of pore pressné analysed the dissipation of pore pressure
97 during consolidation and shearing. Recently, theastbehaviour of completely decomposed
98 granite (CDG) soil, which is similar to the intgrta material, was studied using various test
99 apparatus and methods. For instance, Chu and 9Bb(2006) adopted direct shear box tests to
100 investigate the interface shear behaviour betwkersoil nails and CDG soil. Hossain and Yin
101 (2010) studied the shear strength and dilativeatttaristics of CDG soil by performing a series
102 of single-stage consolidated drained direct shestistunder different matric suctions and net
103 normal stresses. They found that the shear strasfg@DG soil increases with matric suction
104 and net normal stress. The phenomenon, i.e., degrddation angle at higher suctions with
105 lower net normal stresses and lower or zero ditadiogles under higher net normal stresses with
106 lower suctions, was observed.
107
108 As far as the creep and strength models for interlanaterial are concerned, Ge (1979) and Ge
109 et al. (1982) elaborated a creep model based orfiglte shear test results and applied it to
110 analyse the rock displacement of the foundatiomapithe site of Gezhouba dam in China. In
111 order to describe the primary, steady and accel@@eep stages under constant shear stress and
112 based on the laboratory shear tests on saturatthyer samples, Xiao et al. (1986) proposed a
113 complex creep model made up of elastic, plastic &stous components connected in
114 series/parallel. Regarding the shear strength,e®évet al. (2009) have presented a critical
115 review on the existing models for infilled matesiadnd modified the normalised peak shear
116 stress model based on the shear tests on thesel@akw-tooth joints.
117
118 To study the shear strength behaviour of the ayer material at Baihetan site, both in-situ
119 shear and laboratory shear tests have been cauted his paper aims at making a comparison
120 of the results from the tests under two differemmditions. This comparison is expected to be
121 helpful for better understanding the shear behavafuthe interlayer material and adopting
122 reasonable strength parameters in constitutive lmode
123
124 Materialsand Methods
125 In-situ shear testing
126 In-situ direct shear tests on interlayer materiatevcarried out at the testing tunnel bottom part
127 where interlayer staggered zone is found basett@hinese Standard SL264-2001. According
128 to this standard, in-situ sample size should bgelathan 500 mm x 500 mmh<mm ( > 350
129 mm). For the test by multi-sample method (MSM)nitu rock blocks in size of about 500 mm
130 x 500 mm x 350 mm were carefully trimmed to prepsaenples in the testing tunnel. Fig.5
131 depicts the sketch of sample for the in-situ tEst. each sample, the lower part corresponds to
132 the underlying rock, and was below the ground sexféghe interlayer material is at the level of
133 the ground surface and under the upper rock bld¢kak or fractured rock blocks were
134 encapsulated using concrete mould and maintainddrureld condition for more than 14 days
135 until the strength of concrete mould achieved #&sting requirement. Fig.6 shows the schematic
136 layout of the in-situ direct shear test. Beforditgs normal loading system and shear loading
137 system were carefully installed in turn to ensure tesultant force to be at the centre of the
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interlayer material. In order to guarantee the spfur normal deformation, a 10-mm gap
between the prefixed plane and the bottom of backiate was initially kept. When testing, a
prescribed normal stresg was first applied and the vertical displacemens wenitored using
displacement gauges. In order to avoid the extrusiointerlayer material especially at high
initial degree of saturation, as discussed by Suhzhao (1980), a normal stress lower than 1.5
MPa was applied in 4 steps of 5-min duration. Eludm was considered as reached when the
displacement rate is lower than 0.03 mm/10 min.aBk&ess was then applied under constant
normal stress until the sample reached failurénershear displacements was larger than 15
mm along the prefixed plane. A total of 8 - 12 shkmding steps of 10 min each were
considered. This procedure was repeated when gestirer samples at different valuesogf
The results allowed the determination of the stiergarameters. As shown in Table 2, the
degrees of saturation of the samples were high) #8.0% to 99.5%.

Laboratory shear testing

Two laboratory shear tests were performed, inclgidie direct shear test using the shear system
RMT150C (Fig.7) and the shear creep tests usingyetem JQ-200 (Fig.8). When conducting
direct shear test on RMT150C, normal stress wasieapghrough an adjustable vertical piston
and shear was applied through a horizontal loadysiem that drives two horizontal dowels
pushing the upper shear box. The dimensions o$dngples for these tests were 150 mm x 150
mm x 150 mm, with the interlayer material in theddie and the concrete blocks at both the top
and bottom (see in Fig.7 and Fig.8). In the sample block interlayer was taken from a block
with a dimension of 180 mm x 180 mmhxmm ( was the thickness of interlayer material).
Note that the interlayer blocks were dug from testitunnel No.41 (near the left bank
powerhouse region whose depth is 350 m) and tedtingel No.62 (in the right bank
powerhouse region whose depth is 550 m). Beforpgoneg laboratory shear test samples, the
block interlayer material was first cut carefuliyto a sub-block of 150 mm x 150 mnt mim ¢
was the thickness of interlayer matertat, h). After that, the sample was prepared using almeta
mould without upper and lower covers, as followsupng the concrete with the quantity needed
to reach the lower concrete height calculated preshy according to the thickness of interlayer
material, putting the sub-block on the lower cotergouring the upper concrete with the
guantity needed to reach the upper concrete heigloulated previously; disassembling the
metal mould and conserving the sample in a verpoaition under indoor condition. Note that
the thickness$ was in general more than 30 mm, enough to enkershear failure to occur in it.
In order to analyze the effect of initial degreesaturation, laboratory direct shear tests were
conducted at much lower degree of saturation (sd#eT3 and Table 4, ranging from 17.9% to
48.7%) than that in field (ranging from 73% to 98)5 However, Greater values of degree of
saturation were considered in the laboratory wheastigating its effect on the creep behaviour.

Two methods, i.e. MSM for direct shear testing &mgle-sample method (SSM, see Zhang et
al., 1994) for direct shear and shear creep testwege adopted. For direct shear test by MSM,
the procedure is similar to the in-situ direct $ed¢scribed above. For direct shear test by SSM,
normal stress and shear stress were step load=dadively. In the first step loading, normal
stress was applied in 4 steps of 5-min duratiom eathen peak point or constantvas observed

on z-uscurve during a step loading, the next stg@ndz are applied. By varying, andz more
than 4 times before the sample failure, the, plot can be drawn and then shear strength
parameters can be determined. For shear creepyté®8M, the procedure follows the Chinese
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Industry Standard SL264-2001: shear stress waseappl more than 5 steps on a sample under
a prescribed normal stress, with each loading kegt for longer than 5 days. Note that the
sample area correction was applied for direct stesas when calculating the stress values, and
as a result, the normal stress before the firsarstoading by MSM corresponds to the initial
normal stress and theus curves seem to increase even after failure.

Experimental results

In-situ tests

Fig.9a shows the-us curve from the test in zone 1 on the interlayeremak at a degree of
saturation of 76.6%. Note that due to a technigublpm, the vertical deformation was not
available. It can be observed from the figure thabnly the test under a normal stress of
1.05 MPa depicts a peak shear stress, other testgrg) a plateau of stabilisation; ii) only the
increase of the maximum shear stress when inciggéisennormal stress from 0.34 MPa to 0.46
MPa is significant, the values for other testsadose. Normally, for a given soil with increasing
normal stress, the shear stress peak is less proadwand the increase of maximum shear stress
is proportional to the normal stress increase. ®hservations made on this test are to be
attributed to the variability of the five test sdegp Fig.9b depicts the results from the tests in
zone 2 at an initial degree of saturation of 73.@xly the test under 0.98 MPa normal stress
shows an apparent peak, other tests giving a plaikatabilisation. The increase of maximum
shear stress with increasing normal stress is megelar than the tests in zone 1, indicating a
less pronounced variability of the tested samptags9c depicts the results from the tests in zone
3 at an initial degree of saturation of 96.6%. Nals are observed and all tests show a plateau
of stabilisation. The increase of shear stress witlieasing normal stress is also relatively
regular, indicating that the samples tested asdively similar. The test under 1.26 MPa normal
stress shows a singular shape, with a sudden decodaslope at about 0.40 MPa shear stress
followed by an increase from 0.45 MPa shear stiBsis. phenomenon is suspected to be ‘pores
collapse’ or ‘grains crushing’. Further study iseded to investigate this fundamental
phenomenon. Fig.9d depicts the results from thts iaszone 4 at an initial degree of saturation
of 93.5%. Only the test under 1.02 MPa normal stef®ws a singular behaviour with a shear
stress continuously increasing, even exceedingnigmamum value under a higher normal stress
(1.26 MPa). Visual Examination of the tested sangmafirms this observation; indeed, this
sample shows an irregular shear surface with twts md a difference of 30 mm in height (see
Fig.10). Fig.9e depicts the results from the t@stgzone 5 at an initial degree of saturation of
76.6%. Normal behaviour can be observed: the séteass increases regularly with increasing
normal stress, showing a low variability between tisted samples.

The cohesiort and friction anglep were determined based on the obtainegdcurves, and are
presented in Table 2. The results show a quiteslaogtter: the values of ¢ range from 0.02 to
0.42 MPa and the values ¢f ranges from 14° to 38°. This large scatter canttsibated to the
effects of degree of saturation (ranging from 73.@299.5%) and the clay fraction (ranging
from 0 to 13.0%); it can be also attributed to lle¢erogeneity of the samples as observed above.

Laboratory tests

Fig. 11 shows the results obtained from laborastryar tests by MSMn the interlayer material
from testing tunnel No.62 with the initial degrefesaturation between 17.9% and 48.7%, under
different normal stresses: 2.0 MPa, 3.0 MPa, 4.0aMRd 5.0 MPa. Note that a step-loading
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procedure was applied in these tests; this expkhi@observed shapes of the curves. #he
curves show identical behaviour when the sheassti® lower than 1.5 MPa, indicating, to a
certain extent, a similar elastic behaviour. BeyarisiMPa shear stress, the shear stress is higher
with a higher normal stress. Thigus curves (, is the vertical displacement) do not show any
shear dilatancy: the volume change is compressivalf the tests conducted. Similar behaviour
is observed fou, < 0.5 mm. Interestingly, this range correspondthéorange ot < 1.5 MPa
identified above on theuscurves. Examination of th&-us curves corresponding to 2.0 and 3.0
MPa normal stress shows that the material is monepcessive under higher normal stress; this
is normal behaviour generally observed on othdssaiproblem can be identified on the curves
of 4.0 MPa and 5.0 MPa normal stress: the curves,0& 4.0 MPa shows much larger
compression than that ef, = 5.0 MPa. This can be attributed to the heteretgrof the soil
samples. Based on theiscurves obtained, the values®fand 7, at failure are determined and
presented in Table 3. Fig.12 depicts the values, @hdt, at failure from all the tests by MSM.

It can be observed that it is difficult to obtagasonable shear strength parameters due to the
significant scatter of data.

Fig. 13 shows a typical result from the shear bgsESM on the interlayer material taken from
testing tunnel No. 62 at an initial degree of sation of 33.1%. A total of 7 loading steps were
applied. It can be observed from thescurve that stabilisation was reached for each taadi
step. Examination of thes-u, curve shows that for most loading step the vdrticgplacement
shows a quasi-immediate drop followed by a vanmatioth a smaller slope. The shear strength
parameters determined from the test results asepted in Table 4.

Fig. 13 depicts the creep behaviour in the plane  is the time) under a normal stregs=

0.49 MPa and at various shear stresses: 0.09 MP&,MPa, 0.27 MPa, 0.37 MPa, 0.46 MPa,
0.55 MPa, 0.64 MPa and 0.74 MPa. It can be obsetha&dthe creep is not significant: under
different shear stresses, thet curves show that most deformation occurs withshart time
and the creep deformation is negligible. This dgfiEom the previous studies in which interlayer
material was considered as a rheological mateXal ¥980; Li and Kang 1983; Xiao 1987).
From a practical point of view, this observationof importance because relatively simple
elastoplastic constitutive models can be used sordee the behaviour of interlayer material and
there is no need to pay special attention to kggrbehaviour. Moreover, the results from the
creep tests can be used to determine the streagiimpters.

It is to be noted that in the direct shear tess @n important issue as to keep uniform vertical
pressure on soil sample during shearing. Bathtirat ¢2008) carried out direct shear tests with
three different loading methods for vertical strassng: (1) a flexible airbag, (2) a fixed vertica
piston, and (3) an adjustable vertical piston. Thaynd that 1) the non uniform vertical stress
distribution occurs when the soil shows shear ailay, almost uniform vertical stress being
observed in all cases. and (2) the best metho#dldeping uniform vertical stress is the flexible
airbag method. In this study, the method of adhlstgiston method was employed, and in
addition no dilatancy was observed during sheaigeg Fig.11 and Fig.13). Thus, it is supposed
that this phenomenon of non uniform vertical stistribution was not significant in the present
work.

Compar ative analysis based on in-situ and labor atory measur ements
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Both in-situ and laboratory shear tests were cahmigt on the interlayer material. This allows a
comparison between the results obtained undemtbddst conditions. This comparison can be
done in terms of the effects of soil heterogenestgmpling disturbance, sample size, clay
fraction and initial degree of saturation. Becatievertical displacement was not obtained from
the in-situ tests for technical problems, the stu@g limited to the comparison of the strength
parametersc and ¢. In addition, due to the difficulty of determinirtge strength parameters
based on the results from the laboratory sheas BBsMSM (see Fig.12), a special procedure of
data treatment was then applied, as follows:
1) to attribute a relatively large value of 0.2 MPacdased on the values from both
laboratory direct shear tests by SSM and in-sikaskests,
2) to back calculatep value based on the data according to the Mohr-Qalolariterion
(Eq. 1):
T =c+o0,tang (1)
The calculated values are presented in Tablecaritbe observed that relatively large values of
friction angle were obtained, between 20.5° and38\ote that thé values obtained from this
special procedure of data treatment were not usemhalyze the effects of clay fraction and
initial degree of saturation.

Effects of soil heterogeneity and sampling distadea

Soil heterogeneity is a common problem when deakit intact natural materials. For the in-
situ tests, the heterogeneity caused significatd daatter and rendered the determination of
strength parameters difficult (zone 1, see Fig. Same samples from the same zone showed
different specific phenomenon as the suspectedsmmiapse or grains crushing (zone 3, see Fig.
9c). The difference between the samples from differsampling zone is quite large: the
maximum shear stress value is about 0.50 MPa foe 206, = 1.05 MPa), 1.70 MPa for zone 2
(on = 1.26 MPa), 0.75 MPa for zone & E 1.26 MPa), 0.36 MPa for zone ¢, 1.26 MPa),
and 0.90 MPa for zone 5= 1.41 MPa). As far as the laboratory tests areemed, the results
from MSM tests have depicted such a significanialglity that the determination of shear
parameters using the common results was not pesdibe SSM method was then applied for
this purpose. The results obtained have shownthimethod is efficient and probably the only
method allowing the direct determination of the ashstrength parameters of the interlayer
material.

Because both in-situ tests and laboratory testslvevthe problem of sample disturbantee
samples do not reflect the real soil behaviourllfotdoreover, it is believed that this sample
disturbance is more significant for the laborattasting samples because (1)) the soil blocks are
taken by removing the material in all directionsgalirection more that the sample for in-situ
testing; (2) there were transportation and consienvaor the laboratory samples; (3) extra
trimming was applied when preparing the laboragamples. In spite of the unavoidable sample
disturbance, as significant variability was obsdrwehen testing the interlayer material under
both field and laboratory conditions, it seems that problem related to the sample disturbance
is not an important factor compared to the samydesbility due to the material heterogeneity.

Effects of sample size
The shear plane for the laboratory samples is 1580xmm while the rock particles can reach a
diameter of 100 mm (see Fig 4). The dimension &edptroportion of these large rock particles
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in the soil matrix can play an important role ire tehear strength determined, as reported by
several authors (Holtz and Gibbs 1956; Dobbiahl.e1269; lannacchione and Vallejo 2000;
Vallejo and Mawby 2000; Cerato and Lutenegger 2@tkhimi and Hosseinpour 2008). Holtz
et al. (1956) showed that there is a critical facbf coarse rock particles (35%) that affect the
shear behaviour of soil-rock mixture. Dobbiah et(#969) confirmed this observation but found
a value of 50% for the critical fraction; this iodtes that this value is dependent on the nature of
the soil matrix and the coarse patrticles. If treetion of rock particles is beyond this value, the
shear strength is dominated by the particle-toigdartontacts. According to the China National
Standards GB/T 50145-2007, the particle diamete®.6¥5 mm is the border between fine-
grained particles and coarse particles. Followmmg dlefinition, one can identify the coarse rock
particles of the interlayer material based on thengsize distribution curves shown in Fig.4:
71% for zone 1; 77% for zone 2; 82% for zone 3; S8%zone 4; 87% for zone 5. Thus, all
values are beyond the critical fraction. As a regtke behaviour must be dominated by coarse
particles. Note however that as a natural soil,ittterlayer material is significantly different
from the artificially prepared soil-rock mixturas which rock particles are uniformly distributed
in soil matrix. With a randomly distributed rockrpeles in the sample, the effect of sample size
must be greater: the determined strength parametgpecially the friction angle are in general
larger in the case of small samples. It is inddesl dcase when comparing the friction angle
obtained in the laboratory by MSM and SSM with tbatained in the filed (see Table 3 and
Table 4).

As the difference between the values of frictioglanby MSM and SSM is concerned, as
described above, a relatively large value of calre$0.2 MPa) was taken when estimated the
friction angle based on the data from the laboyatlarect shear tests by MSM. Note that this is
justified by the fact that most values of cohediam both laboratory direct shear tests by SSM
and in-situ shear tests are smaller than 0.15 MPa Table 2 and Table 4). In spite of this, the
values obtained are in general greater than tbat the laboratory direct shear tests by SSM (see
Table 4), indicating that the MSM gives rise toajez friction angle values than the SSM. The
same observation was made by other researchersforosk (Liu 1988; Zhang 1994). It has
been concluded that for the same sample, becauseroflative damage during step loadings in
the test by SSM, the shear strength is slightlyelotiian that from the tests by MSM.

Effect of clay fraction

Fig. 15a depicts the variation of friction angletwihe clay fraction, under both the laboratory
and field conditions. The values of initial voidicaand degree of saturation of some ‘points’ are
indicated. A large variation of clay fraction cae bbserved, from 0 to 13%, indicating a large
heterogeneity of the samples. As a whole, theidricangle is decreasing with the increase of
clay fraction (without considering some particytanints); this is logical because fined-grained
soils have relatively smaller fraction angles tbatrse soils. The values obtained from the
laboratory tests are consistent with that obtaiinech the in-situ tests. This seems to show that
the size effect discussed above is not so impocamipared with the clay fraction effect.

Fig. 15b shows the variation of cohesion with they draction, under both laboratory and field
conditions. Some singular points are identified #racorresponding values of initial void ratio
and degree of saturation are indicated in the éigDespite the significant scatter of the data, an
increase trend with clay fraction increase candeatified (without accounting for the particular
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data). This is also logical when considering ite raf glue in the interlayer material. The values
obtained from the laboratory tests are in geneaasistent with that from the field tests,
indicating again a relatively less important sangike effect.

Effect of initial degree of saturation

It is well known that the shear strength of unsateot soils is suction or degree of saturation
dependent: the shear strength increases with sucti@ease (see for instance Fredlund et al.
1978; Fredlund and Rahardjo 1993). Delage and 200%) analysed the data in the literature
and found that the cohesion always increases withios increase, whatever the soil nature.
However, the friction angle can decrease or in@&éth suction increase, depending on the soil
nature and the soil density: for clayey soils, eordase can occur (Escario and Saez 1986); on
the contrary for sandy soils (Escario and Saez 18868 compacted silty soil (Maatouk et al.
1995), a decrease can take place when the dessiowi (collapsible structure), and a slight
increase can take place when the density is higha@i@ and Cui 2001).

For the studied interlayer material, as shown ibl&4, the clay fraction is small and the density
is quite high. Thus logically no friction angle dease and a slight cohesion increase should be
observed with suction increase or degree of sabmrakecrease. Fig.16a and Fig.16b depict the
variation of friction angle and cohesion with thetial degree of saturation, respectively. The
values of initial void ratio and clay fraction obrae particular ‘points’ are indicated in the
figures. Despite the significant data scatter, gligile effect of initial degree of saturation can
be identified, if the particular data were exclud@ddgood consistency can be also observed
when comparing the results from the field testshwitat from the laboratory tests, indicating
again the relatively low effect of samples size.

Conclusions

In order to analyse the stability of the undergeumowerhouse at the future Baihetan
hydropower station in China, the shear strengtlthef involved interlayer material has been
investigated by carrying out both in-situ and laltory shear tests. A comparative study was
done in order to assess the effects of differentofa as the heterogeneity, the samples
disturbance, the samples size, the clay fracti@hthe initial degree of saturation. The following
conclusions can be drawn:

1) the significant heterogeneity of the samples cawgsguificant data scatter and rendered
the determination of strength parameters diffiaibeems that the samples disturbance is
not an important factor compared to the samplesiity;

2) the samples are characterised by a randomly dis#db coarse rock particles; this
explains the greater friction angle obtained inlgimratory than that obtained in the field:;

3) the friction angle is an important factor affectitige shear strength: the friction angle
seems to decrease and the cohesion tends to iasmthshe increase of clay fraction;

4) without considering some patrticular data, a nelgleggeffect of initial degree of saturation
has been identified;

5) a good consistency has been observed when comphengesults from the field tests
with that from the laboratory tests in terms ofiaons of friction angle and cohesion
with the clay fraction and the initial degree ofwsation, evidencing that the effects of

10
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samples size and samples variability are less itapbwhen compared with the effect of
clay fraction, or to a less extent the initial degpof saturation.
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NOTATIONS:

C cohesion

e void ratio

Gs specific gravity

h the thickness of interlayer staggered zone in field
S degree of saturation

t the thickness of interlayer material obtained friesting tunned
Us horizontal displacement

Un vertical displacement

w water content

Wi liquid limit

Wp plastic limit

p unit mass

On normal stress

T shear stress

Tp peak shear stress

) friction angle
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TABLE 1—Physical properties of interlayer material (ECIDDQ6)

Clay fraction Mg/m®
No (Simoy weo — 2B a e S0 won wom
1 10.1 13.6 2.19 1.93 2.95 0.529 76.1 24.7 13.9
2 7.1 13.4 2.27 1.98 2.88 0.455 84.9 24.9 14.7
3 4.8 13.0 2.13 1.86 2.78 0.494 73.0 27.8 16.5
4 13.8 14.8 2.25 1.96 2.83 0.447 93.5 24.7 14.1
5 6.3 8.0 2.35 2.17 2.81 0.292 76.6 - -

- Values not availableClay corresponds to the particle whose diametenigller than 0.005 mm according to
the China National Standards GB/T 50145-2007

TABLE 2—Initial parameters of the samples and strength paeters for the in-situ tests

No. Clay fraction(< 5pm %) S (%) ¢ (MPa) ¢ (°)

1 13.0 99.5 0.02 14.0
1 11.0 76.6 0.13 21.3
2 8.5 96.6 0.07 21.3
2 0 73.0 0.42 38.0
3 10.5 79.6 0.11 18.8
3 12.0 85.6 0.03 21.3
4 12.5 935 0.06 14.0
5 0 76.6 0.05 25.6

TABLE 3—lInitial parameters of the samples and strength pagters for the laboratory tests by MSM
Clay fraction Failure envelope

No. <sumo) ) T - upa) 7 (MPa) ¢’ (MPg ()
1 5.7 275 2.08 1.74 0.2 36.5
1 9.7 24.2 2.10 1.86 0.2 38.3
4 10.0 38.6 2.33 2.07 0.2 38.7
4 5.2 17.9 3.17 2.09 0.2 30.8
4 95 41.8 4.10 173 0.2 20.5
4 7.7 25.3 4.20 2.33 0.2 26.9
4 7.0 32.1 5.26 3.28 0.2 30.4
4 15.1 32.5 5.30 2.80 0.2 26.1
4 135 48.7 5.41 4.09 0.2 35.7

¢ "is assumed as 0.2 MPa apd is back calculated using the Mohr-Coulomb stremgitierion.
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TABLE 4—lInitial parameters of the samples and strength pagters for the laboratory tests by SSM

No. Clay fraction(< 5um %) S (%) c (MPa) ¢ (°)
4 7.3 33.1 0.39 28.6
1 5.2 33.3 0 20.8
4 8.7 38.4 0 29.8
4 7.0 32.2 0.051 271
4 6.3 32.2 0.011 23.6
4 10.4 29.6 0.079 23.4
4 7.7 395 0 28.9

Harbin
®

Baihetan Hydropower Station

Fig.1.Location of Baihetan Hydropower Station.
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Fig.2.Interlayer staggered zone in testing tunnel No.62.
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staggered zone No.4 at an initial £93.5% (d), and from the interlayer staggerede®vo.5 at
an initial § = 76.6% (e).

z

Nbj av

(b)
Fig.10.The shear surfaces of samples for a set of inséigar tests in zone 4: (a) normal shear
surface, (b) irregular shear surface. The unit afmbers is centimeter, the negative number

means the region is below the prefixed shear ptartethe arrowhead points at the shear

direction.
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Fig.16 Strength parameters versus initial degree of isditon; (a) friction angle, (b) cohesion.
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